High consumption of olive oil in the Mediterranean diet has been suggested to protect DNA against oxidative damage and to reduce cancer incidence. We investigated the impact of the phenolic compounds in olive oil, and the oil proper, on DNA and RNA oxidation in North, Central, and South European populations. In a multicenter, double-blind, randomized, controlled crossover intervention trial, the effect of olive oil phenolic content on urinary oxidation products of guanine (8-oxo-guanine, 8-oxo-guanosine and 8-oxo-deoxyguanosine) was investigated. Twentyfive mililiters of three olive oils with low, medium, and high phenolic content were administered to healthy males (n‫)281؍‬ daily for 3 wk. At study baseline the urinary excretion of 8-oxo-guanosine (RNA oxidation) and 8-oxo-deoxyguanosine (DNA oxidation) was higher in the Northern regions of Europe compared with Central and Southern European regions (P‫.)530.0؍‬ Urinary excretion of the 8 hydroxylated forms of guanine, guanosine, deoxyguanosine and their nonoxidized forms were not different when comparing olive oils with low, medium, and high phenolic content given for 2 wk. Testing the effect of oil from urinary 8-oxodeoxyguanosine changes from baseline to post-treatment showed a reduction of DNA oxidation by 13% (P‫.)800.0؍‬ These findings support the idea that ingestion of olive oil is beneficial and can reduce the rate of oxidation of DNA. This effect is not due to the phenolic content in the olive oil. The higher DNA and RNA oxidation in Northern European regions compared with that in Central and Southern regions supports the contention that olive oil consumption may explain some of the North-South differences in cancer incidences in Europe.-Machowetz, A., Poulsen, H. E., Gruendel, S., Weimann, A., Fitó , M., Marrugat, J., de la Torre, R., Salonen, J. T., Nyyssönen, K., Mursu, J., Nascetti, S., Gaddi, A., Kiesewetter, H., Bäumler, H., 
Free radicals and other reactive oxygen species (ROS) generated in vivo by mechanisms such as aerobic metabolism, cytochrome P450, or respiratory burst can cause a serious imbalance between production of ROS and antioxidative defense of the body, termed oxidative stress (1, 2) . Nucleic acids are among the targets, and oxidative stress leads to a plethora of mutagenic DNA lesions in purines, pyrimidines, and deoxyribose, including single-and double-strand breaks (2, 3) . Therefore, accumulation of mutations from oxidative DNA damage is considered a crucial step in human carcinogenesis (4, 5) . The most abundant DNA modification appears to be the hydroxylation of guanine in the 8-position to 8oxodG (2, 6) ; urinary excretion of 8oxodG is advocated as a biomarker of oxidative stress to DNA, measuring the rate of the whole body DNA oxidation (7) . Although valid theoretically, it should be acknowledged that the origin of the lesions are presumed to be DNA but that the exact origin still is unknown. Other guanine modifications, 8oxoGua and 8oxoGuo, also represent urinary biomarkers of nucleic acid oxidation (8) . Due to differences in the sugar portion, it is possible to differentiate between RNA and 1 These authors contributed equally to this work. 2 Correspondence: Department of Clinical Pharmacology Q7642, Rigshospitalet, Copenhagen University Hospital, 9 Blegdamsvej, DK-2100 Copenhagen, Denmark. E-mail: hepo@rh.dk doi: 10.1096/fj.06-6328com
DNA oxidation, but the oxidized base can originate from either nucleic acid. Criteria for valid biomarkers are given in Table 1 .
In Mediterranean countries the incidence of several cancers, including breast, large bowel, ovary, endometrium, and prostate cancer, is lower than in Northern Europe (9) . An association between high consumption of olive oil and decreased risk of breast (10) , colon and rectum (11) , oral, pharyngeal, laryngeal (12) , and esophageal cancer (13) has been established. The fatty acid profile of olive oil is characterized by a high monounsaturated fatty acid content, predominantly oleic acid (14) . Moreover, olive oil contains a remarkable variation of phenolic compounds (e.g., oleuropein and its derivate hydroxytyrosol), generally believed to possess beneficial health effects (15, 16) .
Data about the effects of phenolic compounds in olive oil on oxidative DNA damage from controlled human intervention trials are scarce. We performed a multicenter, double-blind, randomized, crossover, controlled intervention trial in Southern, Central, and Northern European countries to investigate the impact of olive oil consumption on DNA and RNA oxidation and the effects of the phenolic content of olive oils. In a randomized sequence we administered three olive oils that differed only in the phenolic content to healthy male subjects and measured 8oxoGua, 8ox-oGuo, and 8oxodG in urine as biomarkers for DNA and RNA oxidation. We also included analysis of their corresponding nonoxidized forms, which could be markers of disturbances in the nucleotide pool with relevance for pathological processes (17) (18) (19) .
MATERIALS AND METHODS

Subjects
Healthy nonsmoking male volunteers aged 20 to 60 years were recruited by advertisements in local media in six centers of five European Countries [Denmark, Finland, Germany (two centers), Italy and Spain]. Exclusion criteria were smoking, dieting, a high physical activity level (leisure time activityϾ3000 kcal/wk), regular use of aspirin, antioxidant supplements or any other drug with established antioxidant properties, lipid lowering drugs, and having any of the following diseases: obesity (body mass indexϾ32 kg/m 2 ), hyperlipidemia and/or hypercholesterolemia (total serum cholesterolϾ8 mmol/L), diabetes, hypertension, celiac, or other intestinal diseases, any condition limiting mobility, or conditions that could affect compliance. A total of 344 subjects were recruited, of whom 200 fulfilled the inclusion criteria and participated in the intervention trial. During the intervention 18 subjects dropped out of the study because of lack of compliance (nϭ4), secondary pathological events (nϭ4), and personal reasons, which did not allow them to continue (nϭ10). A total of 182 men from Southern (nϭ54), Central (nϭ70), and Northern (nϭ58) Europe completed the study.
Study design
The EUROLIVE study is a multicenter clinical intervention trial with a randomized, crossover, double-blind design. The power calculation of the study was based on an oxidation lag time of LDL, which was a more variable primary end point in the study than the primary end point nucleic acid oxidation. Subjects were advised to replace a part of their usual uncooked fat intake by a daily dose of 25 l olive oil. Three types of olive oil containing different concentrations of phenolic compounds were tested. Subjects were randomly assigned to one of three treatment sequences (Fig. 1) . A 2 wk run-in period before the trial and two washout periods of 2 wk each between the olive oil administrations were performed. During the overall study period, participants were instructed to abstain from their habitual olive oil intake. The local Ethics Committees of each trial center approved the study protocol. All participants gave written informed consent before starting the study.
Olive oils
The olive oils used in the intervention study were prepared especially for the trial. The selected oils were produced from • It should be predictive of development of the disease or condition under investigation (example: lipid peroxidation in plasma should predict atherosclerotic events or cardiovascular death, DNA oxidation should predict cancer).
• It should reflect biological event(s) that can be related to the pathogenesis of the disease or condition.
• It should be stable over short periods (weeks, months) in stable individuals.
• It should produce identical results when the same sample is measured in different laboratories.
• The sample from which it is measured should be stable upon storage.
• The biomarker should relate to immediate events within short periods of time or should reflect integration of events over a well-defined period.
• Preferentially, the biomarker measurement should be noninvasive or measurable in an easily available biological specimen (example: urine, sputum) or in minimally, invasively obtainable biological specimen (example: blood or plasma).
• The cost of sample analysis should be low and it should be possible to perform a large number of analyses within a reasonable time. Picual olives (Andalucia, Spain) from the same cultivar, soil, and harvest. The three types of olive oil used in the trial were virgin, common, and refined. The chosen virgin olive oil contained the highest concentration of phenolic compounds with 366 mg/kg of caffeic acid equivalent (high phenolic content, HPC). Fatty acid composition and vitamin E content of the virgin olive oil and of harvests from virgin olive oils submitted to refinement were measured to ensure a selection of refined olive oil with the closest nutrient content to the previously selected virgin oil. An adjustment of vitamin E to values similar to those present in the virgin olive oil was also performed. During refinement the phenolic compounds are lost. Thus, this refined olive oil with 2.7 mg/kg of caffeic acid equivalent was the low phenolic content olive oil (LPC). By reconstituting refined with extra virgin oil in a 2:1 parts ratio, respectively, a common olive oil was obtained with a moderate phenolic content (MPC, 164 mg/kg). The olive oil predominantly contained the following phenolic compounds: oleuropein (65%), ligstroside aglycones (18%), hydroxytyrosol (11%), tyrosol (4%), and flavonoids (1%). Analysis of all olive oils showed no significant differences in their fatty acid profile, ␣-tocopherol, squalene, and ␤-sitosterol content but differed in their content of phenolic compounds. During the trial, codes for each type of olive oil were assigned. Except for the study coordinator, all investigators and subjects were blinded. Coded 25 l olive oil containers were prepared at each study center and delivered to the participants at the beginning of each administration period.
Anthropometry
Anthropometric data included measurements of weight, height, and waist and hip circumference, which provide the basis for calculation of body mass index and waist-to-hip ratio. Measurements were carried out according to anthropometric standard operating procedures (20) .
Dietary assessment
Dietary intake was recorded using a 3 day estimated food record at baseline and during the last days of each intervention period. Instructions on how to record intake and advice on the specific dietary recommendations for the study design were given by a nutritionist. Dietary recommendation included limiting consumption of vegetables or pulses (2 servings/day), fruits or juices (3 servings/day), black tea or coffee (2 cups/day), chocolate (2 bars/day), wine (2 glasses/day), and beer (1 L/day) in order to avoid an excessive intake of antioxidants and phenolic compounds. Energy consumption and intake of macro-and micronutrients were calculated according to national food and nutrient databases.
Urine sampling
Urine samples were obtained from the subjects at baseline and before and at the end of the intervention period (at weeks -2, 0, 3, 5, 8, 10, and 13). For 24 h urine collection, volunteers were advised to discard the first specimen of the first day and from then on to collect all specimens for 24 h, including the first specimen of the next day. The volume of the 24 h urine collections was recorded and was well mixed before performing aliquots. For phenolic marker analyses, 0.5 l of 0.5 M sodium bisulfite was added to 25 l urine aliquot. Samples were stored at -80°C until analyses.
DNA and RNA oxidation analysis
Oxidative DNA and RNA damage was assessed by measuring 8oxodG, 8oxoGuo, and 8oxoGua in urine and their corresponding nonoxidized forms by using HPLC/tandem mass spectrometry with a coefficient of variation below 10% (8) . The compounds measured are stable when urine is kept unthawed at -20°C, and upon thawing they can be made stable by removal of proteins in the urine by filter centrifugation.
Phenolic marker
For evaluation of subjects' compliance, tyrosol, hydroxytyrosol, and 3-o-methylhydroxytyrosol as phenolic markers were determined in 24 h urine samples. Measurements were carried out on a Hewlett-Packard (Palo Alto, CA, USA) gas chromatograph coupled to a tandem mass spectrometry detector system consisting of an HP5980 gas chromatograph, an HP5973 mass-selective detector, and an HP7683 series injector as described elsewhere. The intra-and interassay coefficients for tyrosol, hydroxytyrosol, and 3-o-methylhydroxytyrosol were 4.7%, 1.3%, 6.0%; and 3.8%, 3.0%, 6.6%, respectively (21) .
Statistical analyses
Baseline data are shown as geometric mean and sem. Calculated changes are given as mean Ϯ sem and percentage changes as median. Baseline differences between subjects in Southern, Central, and Northern Europe and between olive oil administration sequence groups were estimated using 1-way ANOVA. The effect of olive oil consumption and the effect of phenolic compounds in olive oil were estimated using a mixed linear model (PROC MIXED procedure). To assess the effect of olive oil consumption, calculated changes of the run-in period (⌬wk0 to wk -2) and averaged changes of each olive oil intervention period (⌺[⌬wk3 to wk0; ⌬wk8 to wk5; ⌬wk13 to wk10]/3) were used as dependent variables. The effect of different types of olive oil on DNA oxidation was estimated using calculated differences in periods with low (LPC), medium (MPC), and high (HPC) phenolic content olive oil as dependent variable (⌬wk3 to wk0 of each period). In the final model, corresponding baseline values, age, administration sequence, and change in fat intake from baseline were included as fixed effects. European area (Southern, Central, and Northern Europe) and treatment (no olive oil and olive oil) or phenolic content (LPC, MPC, and HPC) were chosen as covariates and subjects as random factor. All biomarkers were log-transformed due to skew distribution. Statistical significance was defined as P Ͻ 0.05 for a 2-sided test. All analyses were performed using SAS 8.0 (SAS Institute Inc., Cary, NC, USA).
RESULTS
Baseline characteristic, nutrient intake, DNA and RNA oxidation markers, and phenolic compound excretion in Southern, Central, and Northern Europe at baseline
At baseline, European subjects slightly but significantly differed in body mass index and waist-to-hip ratio ( Table 2) . While body mass index tended to increase from Northern to Southern Europe, waist-to-hip ratio was highest in Central Europe and lowest in Southern Europe. Baseline dietary habits also differed between European areas. Subjects from Southern Europe had a lower energy intake (PϽ0.001), carbohydrate intake (Pϭ0.037), saturated fatty acid intake (PϽ0.001), and a higher monounsaturated fatty acid intake (PϽ0.001) compared with Central and Northern Europe. The total fat intake was highest in Central and lowest in Northern Europe (Pϭ0.049). In Southern Europe, monounsaturated fatty acids were the main component of total fat intake, whereas in Central and Northern Europe saturated fatty acids were the predominant component. Vitamin E intake was highest in subjects from Central Europe and lowest in Southern Europe (PϽ0.001).
Among markers of DNA and RNA oxidation, solely urinary excretion of 8oxoGuo and 8oxodG significantly differed between European areas at baseline. In both markers, excretion rates were higher in Northern Europe than in Central and Southern Europe (Fig. 2) . There were no significant differences in the excretion of the nonoxidized nucleobases (data not given).
At baseline, urinary excretion of the phenolic markers tyrosol, hydroxytyrosol, and 3-o-methylhydroxytyrosol in Southern Europe was 2-to 4-fold higher than in Central and Northern European subjects. Urinary tyrosol excretion was lowest among Northern European subjects; in Central and Northern Europe, urinary hydroxytyrosol and 3-o-methylhydroxytyrosol excretions were similar. There were no differences in baseline characteristics such as age, body mass index, waist-to-hip ratio, blood lipids, and blood glucose (Glc), as well as nutrient intake in the randomized groups (Table 2) .
Urinary excretion of phenolic compounds and subjects' compliance
During intervention, a dose-dependent increase in urinary excretion of phenolic markers was observed. After LPC consumption tyrosol, hydroxytyrosol, and 3-omethylhydroxytyrosol concentrations remained unchanged. At the end of the MPC intervention period, urinary excretion of tyrosol showed a 1.2-fold, hydroxytyrosol a 2.1-fold, and 3-o-methylhydroxytyrosol a 1.5-fold increase. After the HPC intervention period, urinary excretion of the phenolic marker was 33-, 50-, and 44-fold (tyrosol, hydroxytyrosol, and 3-o-methylhydroxytyrosol, respectively) higher than at baseline (P Trend Ͻ0.001). Thus, compliance of participants was considered sufficient (data not shown).
Effects of olive oil consumption on DNA and RNA oxidation markers
Energy intake of the study population in periods with and without olive oil consumption remained constant (Pϭ0.411). Total fat intake increased significantly ϳ 2.7-3.5 energy-% in each European area during olive oil intervention (Southern: Pϭ0.039; Central: PϽ0.001; Northern: Pϭ0.004). Dietary intake of saturated fatty acids was significantly lower and monounsaturated fatty acids significantly higher during olive oil intervention compared with baseline (PϽ0.001). These effects were more pronounced in Central and Northern European countries compared with Southern Europe (olive oilϫarea interaction term; PϽ0.001). Dietary vitamin E intake significantly increased during olive oil intervention compared with baseline (PϽ0.001; data not shown). Urinary 8oxodG decreased significantly after olive oil consumption by -13% (Pϭ0.008) while urinary 8ox-oGua, 8oxoGuo, and their corresponding nonoxidized forms as well as guanine were not affected by olive oil consumption (Fig. 3) . No significant olive oil ϫ area interaction term was found by ANOVA.
Effects of phenolic compounds on DNA and RNA oxidation markers
Nutrient intake did not differ between LPC, MPC, and HPC intervention periods (data not shown). In the total study population, urinary excretion rates of guanine, guanosine, and deoxyguanosine and their corresponding oxidation products were not affected by the phenolic content of the olive oils administered (Fig. 4) .
However, urinary excretions of 8oxoGuo and 8oxodG were higher in Northern European countries than in Southern and Central European countries before and after each olive oil intervention periods (Pϭ0.022, PϽ0.001; respectively).
DISCUSSION
Most strikingly, we found that 25 ml of olive oil per day reduced DNA oxidation as measured by 24 h urinary excretion of 8oxodG, irrespective of the content of phenolic content. Since the three different oils used differed only with regard to their phenolic content, other components in the olive oil must be effective in reducing nucleic acid oxidation. The nature of these can only be speculated on, but further studies using the same biomarkers as those in the present study could be the starting point for identification. We also found pronounced cross-sectional differences in urinary excretion of 8oxoGuo and 8oxodG as biomarkers of DNA and RNA oxidation; their oxidation in Northern European countries was consistently higher than in Central and Southern European countries. This corresponds to a trend of increase from Northern to Southern Europe in the urinary excretion of olive oil phenolics and is consistent with the high consumption of olive oil, fruits, and vegetables in Mediterranean countries demonstrated earlier (22) . The average intake of olive oil in Southern European countries is higher than in Central and Northern Europe (23) , and may explain the higher excretion of olive oil phenolics in Southern European countries as observed in the present study.
The present beneficial effect of olive oil consumption on the urinary excretion of DNA oxidation markers with a considerable magnitude of 13% is comparable to the results of our earlier studies of smoking cessation (24) . The olive oil intake led to a marked increase in monounsaturated fatty acid intake independent of the content of phenolic compounds in the olive oil. Again, this finding is supported by the observation that lifelong feeding of monounsaturated fatty acid-rich olive oil leads to a lower level of oxidative DNA damage compared with polyunsaturated fatty acid-rich sunflower oil (25) . We also observed a higher vitamin E intake in the Central and Northern European regions. However, we have also shown that vitamin E administration does not change DNA oxidation (26) , and thus do not find evidence that vitamin E has any effect on oxidative stress to nucleic acids.
The origins of 8oxodG, 8oxoGuo, and 8oxoGua are still not known in detail. As reviewed recently (27) , 8oxoGua could result from the activity of the repair enzymes hOgg1, hOgg2, hNEH1, hNTH1. However, although 8oxodG could result from nucleotide excision repair and subsequent extracellular processing of the 24 -32 oligomer excision product by an unidentified endonuclease, such activities have not been identified. An alternative origin of 8oxodG is degradation of 8oxdGPT in the nucleotide pool by the nucleotide sanitizing enzyme hMTH1. Nevertheless, 8oxodG is increased in smokers (28) and decreases after smoking cessation (24) . Unpublished data from our laboratory do not reveal any differences in 8oxoGuo excreted into urine in smokers vs. nonsmokers. Therefore, we consider 8oxodG a better empirical measure of oxidative stress than 8oxoGuo. We did find that RNA oxidation, measured by 8oxoGuo, was influenced by olive oil. This is an intriguing observation, the significance of which is unclear at this time.
We were not able to demonstrate an effect of the phenolic compounds in olive oil on oxidative DNA damage, although phenolic compounds in olive oil have been described as powerful antioxidants (29) . In some in vitro and in vivo studies, markers of lipid peroxidation decreased after virgin olive oil treatment (30, 31) , but no beneficial effects of olive oil phenolics on DNA damage could be shown. We previously showed that none of the traditional antioxidants given as supplements are able to reduce oxidative stress to DNA (26) . Taken together, these data support our interpretation that the beneficial effect of olive oil on oxidative stress to DNA relates to the monounsaturated fatty acid content.
From a design point of view, our finding of decreased oxidative stress to DNA after administration of monounsaturated fatty acid-containing oils was obtained by using historical controls since the analyses were done before and after oil administration, and we did not include a placebo-treated group. This fact gives a theoretical possibility of uncontrolled period effects. We do not, however, consider this an explanation for the effect of the oil because the sequence of the different oils was randomized to three different time periods. It is difficult to imagine a period effect able to bias our results consistently over three periods. Furthermore, a time period or other effects would have shown up in the other measures performed in the same assay, which was not the case. Therefore, we are confident in interpreting the findings as due to the administration of oil.
It could be argued that we should have used hard end points such as disease incidence or specific death rates. Although theoretically attractive, it has been empirically shown that controlled interventions with dietary factors are associated with extreme problems of almost all kinds besides being extremely costly and difficult to interpret. Epidemiological studies cannot provide evidence for single substances from an intake of complex foods, and we believe there is a dire need for evidence using validated biomarkers, according to the criteria given in Table 1 , as the best means to gather reliable information.
DNA oxidation as measured by urinary 8oxodG is predictive for lung cancer in nonsmokers (32) , and our previous studies (26, 33) with antioxidant intervention showed no effects on oxidative stress to DNA in accordance with the results of large interventions studies such as ATBC Study and Physicians Health Study.
DNA oxidation has been demonstrated to be a promutagenic modification, and there seem to be hot spots in important genes like oncogens and tumor suppressor genes. Excretion of 8oxodG is stable in stable individuals over reasonably long periods (26) , and identical results of urine measurements have been reported from laboratories all over the world. We have demonstrated that there is no change on storage (34) , and since it only requires a urine sample the biomarker also fulfills the noninvasive criterion. The cost of analysis is not low compared with traditional hospital routine analysis; however, direct costs and time consumption do not prohibit analysis of trials of the present magnitude where seven measurements were performed on ϳ200 persons (i.e., ϳ1500 samples). Provided funding, it would be possible to analyze even larger numbers. All criteria listed in Table 1 are thus fulfilled. We conclude that olive oil consumption significantly decreases urinary excretion of 8oxodG, a marker of DNA oxidation. The effect is independent of the phenolic content of the olive oil and relates to the monounsaturated fatty acid content. This is also supported by the North-South gradients in oxidative stress to DNA, the North-South gradient in monounsaturated fatty acid intake, and the North-South gradient in cancer incidences. These data provide evidence that olive oil consumption explains some of the differences in cancer incidence between Northern and Southern Europe.
The project has been carried out with financial support from the Commission of the European Communities, specific RTD program "Quality of Life and Management of Living Resources," QLK1-2001-00281, "EUROLIVE." The sponsor was not involved in the collection, analysis, or interpretation of data. The authors had full access to all the data in the study and final responsibility for the decision to submit for publication.
